Dichlorodiphenyltrichloroethane (DDT), tributyltin (TBT), and 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) are persistent in the environment and cause continuous toxic effects in humans and aquatic life. Tetrahymena thermophila has the potential for use as a model for research regarding toxicants. In this study, this organism was used to analyze a genome-wide microarray generated from cells exposed to DDT, TBT and TCDD. To accomplish this, genes differentially expressed when treated with each toxicant were identified, after which their functions were categorized using GO enrichment analysis. The results suggested that the responses of T. thermophila were similar to those of multicellular organisms. Additionally, the context likelihood of relatedness method (CLR) was applied to construct a TCDD-relevant network. The T-shaped network obtained could be functionally divided into two subnetworks. The general functions of both subnetworks were related to the epigenetic mechanism of TCDD. Based on analysis of the networks, a model of the TCDD effect on T. thermophila was inferred. Thus, Tetrahymena has the potential to be a good unicellular eukaryotic model for toxic mechanism research at the genome level.
Some pesticides and industrial additives that are byproducts of industrial development can be deleterious to human health and aquatic ecosystems when released into the environment. Substances that interfere with normal biological processes by mimicking natural hormones are known as environmental hormones. Within this class of chemicals, dichlorodiphenyltrichloroethane (DDT), tributyltin (TBT), and 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) are wellknown for being hazardous. The first intentionally released chemical found to be estrogenic was DDT [1] . Although banned from use many years ago, DDT is still widely used in some developing countries. DDT also poses a great threat to both ecosystems and human health because it persists in the environment, bioaccumulates in organisms, and exhibits chronic toxicity. The widely used antifouling agent TBT is another common contaminant that has been shown to be capable of embryotoxicity [2] , genotoxicity [3] and endocrine disruption [4] . Overall, TBT induces imposex and causes androgenic effects in some aquatic organisms [5] . The compound TCDD is a widely distributed environmental contaminant that originates from industrial processes and has numerous associations with estrogenic action at the molecular level. TCDD has been linked to a wide variety of biological responses, ranging from induction of cytochrome P450 1A (CYP1A) to tumorgenesis [6] . Owing to their potential to cause harm, these three toxicants have been the focus of a great deal of research over the last few decades. A few genes have been found to be closely related to these chemicals (e.g., CYP1a1 and TCDD) [7] ; however, research at the genome-and proteome-levels in a suitable eukaryotic model is required to study the complicated molecular mechanisms responsible for their toxic effects and environmental hormone actions.
Tetrahymena thermophila, a free-living ciliated protist, has become well-established as a unicellular eukaryotic model organism during the past several decades. To date, research using T. thermophila has made great contributions to fundamental biological discoveries such as dynein [8] , catalytic RNA [9] , telomeric repeats [10, 11] , telomerase [12] , the function of histone acetylation [13] , and RNAi mechanisms in macronucleus reprogramming [14] . Analysis of expressed sequence tags in the genome of Tetrahymena has demonstrated that it has a high degree of functional homology with human and mammalian genomes [15] . The organism also shares many core processes with a wide variety of eukaryotes (including humans) [16] that are not found in other single-celled model systems (e.g., yeast). Tetrahymena is convenient as a model organism because of its small size and ease of culture. These characteristics and its advantages for toxicological studies have led to its use as a model to detect aquatic toxicity and ecotoxicological effects for many years [17] . Recently, differentially expressed genes in T. thermophila exposed to DDT or TBT have been detected using genome-wide screening conducted by suppression subtractive hybridization [18, 19] . Moreover, completion of the macronuclear sequencing project [16] and establishment of the first genome-wide microarray platform in T. thermophila [20] with the Tetrahymena Gene Expression Database (TGED, http://tged.ihb.ac.cn) [21] offers extensive resources for further functional genomic studies, including toxigenomics. Thus, there is an opportunity to make use of this unicellular model to study the toxicological mechanism of environmental hormones at the genomic level.
In the present study, genes differentially expressed in response to exposure to DDT, TBT and TCDD were screened using a microarray technique and then categorized by function using GO annotation information and enrichment analysis. The results showed that typical functions were affected by different types of toxic environmental hormones in T. thermophila, as in some metazoans. Furthermore, analysis of the gene-interaction network revealed a molecular mechanism coincident with the characteristics of TCDD, which suggested that T. thermophila had the potential to be a unicellular eukaryotic model for investigation of toxic molecular mechanisms at the genome level.
Materials and methods

Cell culture, toxicant exposure and RNA isolation
T. thermophila strain Cu428 was grown axenically at 30°C in SPP medium [22] , and TCDD (SUPELCO) 1×10 −9 mol L −1 )
were selected based on the results of a preliminary experiment (data not shown). After homogenization of cells using QiaShredder spin columns, the total RNA was extracted using an RNeasy Protect Cell Mini Kit (Qiagen, Valencia, CA) according to the manufacturer's instructions. The concentration of the samples was then quantified by UV spectrophotometry at 260 nm using a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, Rockland, DE) and the RNA integrity was verified using a Bioanalyzer 1000 (Agilent, Palo Alto, CA).
Microarray processing
High-density T. thermophila genome-wide oligonucleotide DNA microarrays were designed according to the predicted genome 2006 [16] . Details regarding the chip design and microarray operation are available elsewhere [20] . Raw data were deposited in the Gene Expression Omnibus Database under data set accession numbers GSE26515 including three samples: GSM651904 for TCDD, GSM651903 for DDT, GSM651902 for DMSO and GSM651901 for TBT.
Quantitative real-time PCR analysis
Real time fluorescent quantitative PCR (Q-PCR) tests for microarray assay were conducted as follows. RNA was extracted from T. thermophila and treated in the same method as for the microarray experiment, after which it was digested with Dnase (Promega), then reverse-transcribed into double-stranded cDNA using M-MLV reverse transcriptase RNase H + (TOYOBO). A FastStart Universal SYBR Green Master mix (Roche) was used as the reagent mix for Q-PCR, which was conducted using an Opticon2 96-well reactor (Bio-rad). The thermal cycling program was as follows: 5 min of denaturation at 94°C followed by 40 cycles of 20 s at 94°C, 20 s at 54-57°C, 20 s at 72°C, and 1s at 70°C for plate reading. This was followed by a 10 min extension at 72°C, after which a melting curve was generated by heating the samples from 70°C to 90°C at a rate of 0.5°C s −1 .
Real-time RT-PCR reactions were conducted in triplicate for each gene. Data were collected using the Opticon2 software (MJ Research) and the fold change was calculated using the comparative quantification model [23] assuming 100% efficiency. The 18S ribosomal RNA gene unaltered by exposure to toxicants was selected as a reference. Target gene IDs and primer sequences are listed in Appendix Tables S1 and S2 in the electronic version.
Microarray data analysis
To identify the genes that responded to the chemicals, we identified those with expression levels that were up-or down-regulated by more than 2-fold when compared to DMSO treated samples using the Arraystar software.
Gene ontology annotation and enrichment analysis
Functional annotations and descriptions of each gene were required for GO classification. We annotated the entire genome using Blast2GO [24] . The P-value was set as 10 −6 , while the default values were used for the other parameters. Enrichment analysis was then conducted using the Gossip package [25] integrated with Blast2GO. Genes responding to different toxicants were used separately as an independent test dataset, and the entire genome was used as a reference dataset. The hypothesis is briefly presented below. Null hypothesis (H 0 ): Compared with the reference, a GO term in the test group is not enriched. Alternative hypothesis (H 1 ): The GO term is enriched in the test set when compared with the reference. The null hypothesis was tested using Fisher's exact test. A GO term with a P-value<0.01 was taken to indicate significance [25] .
TCDD-relevant network construction and function analysis
We applied the context likelihood of relatedness (CLR) algorithm [26] with a Z-score threshold of 3.49 to construct a Tetrahymena gene-interaction network using data from 67 NimbleGen single channel microarrays, including 52 microarrays from Gorovsky's lab and Miao's lab, 11 from the Pearlman's lab and four from Liu's lab [21] . Three stages of the life cycle were involved in these microarrays, growth, starvation and conjugation. For growth, cells were harvested when grown to 1×10 for use in constructing the gene-interaction network [21] . Subsequently, genes with enriched functions in TCDD set were selected as cores and genes that might interact with them were extracted, after which the interactions among the extracted genes were identified according to the network. This enabled construction of a network of TCDD-relevant genes. The network graph was exported by cytoscape 2.7 [28] using the spring embedded layout.
The relevant genes assembled in clusters that were consistent with the branches of the ontology tree; therefore, we named each cluster after the corresponding enriched term. Next, we conducted GO enrichment analysis of each group separately, setting FDR (false discovery rate) 0.05 as the cut-off.
Results and discussion
Identification of differentially expressed genes and categorization of functions
Twenty-two genes were selected at random for real time fluorescent quantitative PCR (Q-PCR) confirmation (Appendix Table S1 in the electronic version). The Q-PCR data generally confirmed the microarray results. Linear regression analysis demonstrated a strong correlation between the two methods, with R=0.8154 (Figure 1) .
Consistent with the chronic toxicity of environmental hormones, our former study showed that exposure to high concentrations of DDT, TCDD and TBT would not significantly affect the growth rate of T. thermophila (data not shown). A genome level screening using microarray would be more suitable for molecular mechanism research of the chronic toxicants. The microarray analysis conducted using Arraystar showed that 148, 254 and 608 genes were up-or down-regulated by more than 2-fold in response to exposure to DDT, TBT, and TCDD, respectively. The overlapping of these genes was summarized using a Venn diagram in Figure 2 , and the details are provided in Appendix Table S3 in the electronic version. We conducted gene ontology (GO) annotation of the entire genome to predict the biological roles of these screened genes and categorize them by function. Gene ontology is structured into three domains, molecular functions showing the elemental activities of a gene product, biological processes associating a gene product with the functioning of integrated living units, and cellular components describing where the gene product is active. GO annotation for the entire genome of T. thermophila was obtained using Blast2GO [24] , and 7745 of 27769 genes received functional annotations. For each toxicant-treated gene set, 43 genes in the DDT set, 117 genes in the TCDD set and 66 genes in the TBT set were annotated (Appendix Table S3 in the electronic version). Enrichment analysis is a common method of biologically interpreting microarray data [29] that has been used widely for automatic functional categorization of gene lists. We conducted enrichment analysis of differentially expressed genes in each toxicant-treated set using the Gossip package [25] integrated in Blast2GO to determine what gene functions were mainly involved in toxicant exposure. The output was divided into three independent domains (biological processes, molecular functions, and cellular components); however, we chose to summarize the results using only the molecular function ontology. This method was selected because it can reflect the basic activation of cellular processes, making it possible to transfer information about function among different organisms and easier to unify existing expression information from genome-wide toxicological studies of different organisms [30] .
There were five branches in the DDT ontology tree (Figure 3 ), but most of the genes that were involved were assigned to only two of them (Appendix Table S4 in the electronic version). One branch reflected peptidase activity, which is common in oxidatively stressed cells [31] . The other branch reflected anion transmembrane-transporting ATPase activity, which was a combination of two types of function, transmem-brane-transporter activity and ATPase activity. Overall, seven genes were represented in this branch, and five of these were ABC (ATP-binding cassette) transporters (Appendix Table S4 in the electronic version). ABC transporters comprise a large family of membrane-bound proteins that can actively transport a wide range of compounds through membranes against concentration gradients via the consumption of ATP. Many ABC transporters have been identified in T. thermophila [16] , and these proteins are probably responsible for transporting material to maintain cellular homeostasis, which is consistent with the environmental sensitivity needed for the organisms to adapt to a free-living mode of life. Furthermore, several ABC transporters have been reported to protect organisms against xenobiotics [32] [33] [34] [35] , some of which were reported to be directly related to DDT [34, 35] . As in some multicellular organisms, ABC transporters in T. thermophila may play an important role in the protective response to counteract exposure to DDT. With respect to TBT, all five genes assigned to the single enriched branch were annotated as serine protease inhibitors (Appendix Table S5 in the electronic version). TBT has been reported to cause apoptosis [36, 37] , in which activation of protease is known to play an important role [38] . Some protease inhibitors have been shown to inhibit apoptosis in the early stages of apoptosis [39] . Among these inhibitors, serine protease inhibitor has been used to block TBT-induced apoptosis at an intermediate stage for experiments involving morphological observation [39] . According to our microarray results, the five inhibitor genes of T. thermophila were all up-regulated after exposure to TBT. Thus, the over-expression of serine protease inhibitors is likely a mechanism to protect T. thermophila against apoptosis caused by TBT.
Although TCDD is known to affect a wide range of cellular processes, its metabolic functions and roles in protective mechanisms in cells are still unclear. Additionally, the enriched functions and the relevant genes that TCDD influences are more complex than those affected by the other two chemicals we investigated (Appendix Table S6 in the electronic version). The enriched functions of TCDD were categorized into the following four types: (a) protein tyrosine/ serine/threonine phosphatase activity, (b) NAD-dependent deacetylase activity, (c) acid-amino acid ligase activity, and (d) cysteine-type peptidase activity.
Coincident with the epigenetic mechanism of TCDD [6] , functions a, b and c are involved in signal transmission, regulation of gene expression, and post-translational modification, respectively. Function d was common among organisms exposed to oxidative stress [31] , which is one of the effects believed to be caused by TCDD [40] . Furthermore, function a is likely related to kinase activity, which is affected by exposure to TCDD [41] and plays an important role in signal regulatory pathways. Additionally, three genes in function c encoded ubiquitin-conjugating enzymes (Appendix Table S6 in the electronic version), which correlates with the ubiquitination reported in response to exposure to TCDD [42, 43] . Taken together, these findings indicated that these enriched functions all corresponded well with the characteristics of TCDD.
It is well known that the toxicity mechanisms of these three compounds are quite different. DDT has been found to be estrogenic [1], TBT is believed to cause androgenic effects [5] , and TCDD affects a wide range of complicated biological processes and is thought to be nongenotoxic [44] . Accordingly, microarray analysis of exposure of Tetrahymena to the toxicants suggested that the functions of the differentially expressed genes varied among toxicant-treated sets. These functions coincided with the characteristics of the toxicants, and some of them have been reported in multicellular organisms [31] [32] [33] [34] [35] [41] [42] [43] . Thus, T. thermophila has the potential to be a unicellular model for toxic research because it can reflect general patterns of biological responses to these toxicants that match those of other eukaryotic organisms.
Network analysis of TCDD in T. thermophila
Organisms have an immense and flexible program of gene expression controlled by the dynamic interactions of hundreds of transcriptional regulators and are thus able to adjust themselves to the irregular and often unpredictable stresses of their environment. Explaining the mechanisms that determine the expression of genes will help elucidate the effects of various stressors; thus, identification of gene interaction is especially important. To unravel the complexity of interactions and regulatory mechanisms involved in expression, several methods of calculating networks have been calculated to clarify the relationships of genes in pathways. Although high-throughput methods have been used widely for years, they have primarily been used to screen a few responding genes rather than for network analysis at the genome level. Taking the three toxicants we investigated as examples, recent studies on network analysis of environmental pollutants have primarily focused on classical genes and pathways [45] [46] [47] [48] [49] [50] [51] . Thus, a suitable model and a corresponding method for network analysis at the genome level are required.
During exposure to TCDD, the number of differentially expressed genes is much larger than that observed in response to exposure to DDT and TBT, as is the number of independent enriched functions. Moreover, the enriched molecular functions in TCDD concern macromolecular modification and signal transmission; therefore, we inferred that their interaction with other genes might reflect the biological responses to TCDD. Consequently, we constructed a network to investigate the mechanism of response to TCDD exposure that included the function-enriched genes and genes interacting with them calculated by context likelihood of relatedness (CLR) algorithm [26] . The network graph generated using a spring-embedded layout turned out to be T-shaped ( Figure 4 , Table 1 ) and could be divided into four Figure 4 The T-shaped network of TCDD-relevant genes, with genes clustered into four modules. Module 1 includes PTP1, TTL, and Ubi1, module 2 includes PTP2 Ubi2, and NDD, module 3 includes PTP3, and module 4 includes CTP. The subnetwork division is shown on the graph. modules. Most genes were distributed between modules 1 and 2, with many edges linking them. Most genes in modules 3 and 4 interacted only with those in module 2 and only rarely with those in module 1. After conducting the network analysis, we investigated the components of each module and the distribution of function-enriched genes. We found that, although the genes clustered in the graph, those that interacted with the same core could be distributed in different modules. For example, the genes interacting with the core genes annotated to protein tyrosine/serine/threonine phosphatase activity (PTP) were distributed in modules 1, 2 and 3. Similarly, the ubiquitin-related genes (Ubi) were distributed between modules 1 and 2. Thus, we named the gene clusters composed of function-enriched genes and those that interacted with them according to their location in the modules. Module 1 includes PTP1, Ubi1 and tubulin-tyrosine ligase (TTL), module 2 includes PTP2, Ubi2 and NAD-dependent protein deacetylase activity (NDD), module 3 contains only PTP3, and module 4 contains cysteine-type peptidase activity (CTP). To determine if the clusters functioned as different modules, we conducted GO enrichment analysis of each cluster separately. The results are shown in Table 2 .
In module 1, the enriched functions were generally related to DNA or chromatin structure and the process and machinery of protein synthesis, all of which are likely related to regulation of gene expression on the level of transcription or protein synthesis. In modules 2 and 4, proteolysis and protein amino acid phosphorylation were common. It should be noted that most genes annotated as carbohy- Table 2 GO enrichment analysis of each group in the relevant network drate metabolic process, which was enriched in clusters of both modules, were protein kinases (Appendix Table S7 in the electronic version). This was likely because the phosphorylation of amide was included in carbohydrate metabolism. In addition, the distribution of ubiquitin-related genes should be noted. Ubiquitination is commonly observed in stressed cells, and polyubiquitin and monoubiquitin produce different results on modified proteins. Polyubiquitination is usually a sign of proteasome proteolysis [52] . Ubiquitin-related genes were found in both modules 1 and 2 (Table 3), but polyubiquitin genes were found only in module 2, which was closely related to the process of proteolysis. The case of polyubiquitin supported at least the partial reflection of the true biological processes occurring in T. thermophila based on our categorization of proteins into modules.
Overall, the network graph and the functional enrichment supported the functional division of genes potentially related to TCDD-response into two subnetworks. Subnetwork 1, which was composed of module 1 (PTP1 and Ubi1), was related to regulation of gene expression on both the transcriptional and translational levels. Subnetwork 2, which was composed of module 2 (PTP2 and NDD) and part of module 4 (CTP), was related to signal transmission and protein degradation. Furthermore, we inferred a TCDD- effect model ( Figure 5 ) based on the function analysis. Normal transcription regulation might be impacted by TCDD (PTP1, NDD), leading to abnormal signal transmission (PTP2, NDD) that would then affect downstream cellular proteolysis (PTP2, CTP). Conversely, both the process and machinery of protein synthesis were disturbed (Ubi1). As a result, abnormal protein accumulated, and cellular homeostasis and the biological processes of T. thermophila were then damaged. Based on Figure 3 , subnetwork 1, which was composed of PTP1, Ubi1 and TTL, seemed to be consistent with the early effects in the model, while subnetwork 2, which was composed of PTP2, Ubi2 and NDD, seemed more likely to reflect the consequent effects. The two subnetworks may be intermediated by NDD because it enriched both gene-expression-regulation related functions linked to the early effects and phosphatase regulator activity linked to the late effects. Based on these findings, this model warrants further investigation. The results presented here suggest that Tetrahymena thermophila responds differently when exposed to different types of environmental hormones, and that these responses are similar to those observed in some multicellular organisms [31] [32] [33] [34] [35] [41] [42] [43] . Furthermore, interaction network analysis of the exposure to TCDD provided rich information suggesting that T. thermophila would be a good unicellular, eukaryotic model for investigation of molecular mechanisms triggered by exposure to toxicants at the whole-genome level. 
